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INTRODUCTION
Bitumen has been largely used in the fields of pavement construction and roofing membrane manufacture. In this regard, its mechanical behaviour is highly influenced by the temperature, in such a way that, at low temperature, bitumen becomes fragile (thermal cracking), whilst at high temperature, it may undergo permanent deformation (rutting) [1] . Additionally, bitumen can also undergo ageing provoked by oxygen diffusion and UV radiation, which increases its thermal susceptibility and provoke premature fail [2, 3] .
Accordingly, bitumen has traditionally been modified by the use of different kinds of polymers, commonly copolymers like styrene-butadiene-styrene (SBS) and ethylenevinyl acetate (EVA) which improve its mechanical performance by reducing the effective glass transition temperature and displacing the flow region to higher temperatures [4, 5] . However, very often, the lack of affinity between polymer and bitumen results in an eventual phase separation at the macroscopic level with the consequent depletion in expected performance.
In this sense, some recent investigations have focused on the search for new bitumen modifiers. In particular, the use of reactive pre-polymers of functionalized polyols end capped with isocyanate groups have shown to be effective at noticeably enhancing bitumen properties [6] [7] [8] [9] . As reported, these pre-polymers, with free -NCO groups, link to bitumen molecules containing active hydrogen groups (-OH and >NH) through urethane and urea covalent bonds, in accordance with reactions R1 and R2, respectively, in such a way that the size of the bitumen molecules/pre-polymer adducts continues to increase until there are no more -NCO groups available:
If water is present, it can also react with -NCO groups, forming carbon dioxide as well as a highly reactive amine, according to reaction R3:
Next, this amine can further react with the remaining isocyanate groups following the above reaction R2. This set of reactions leads to the formation of larger molecules through urethane and urea linkages, giving rise to the development of more complex structures.
On the other hand, layered silicates (nanoclays) have recently attracted the interest of scientists in the polymer [10] and bitumen [11] fields, given their great potential for interactions at the nanometre scale. In particular, montmorillonite is a naturally occurring mineral mostly consisting of alumina-silicates with a layered structure, corresponding to sheets of silica tetrahedrons bonded to alumina octahedrons in a 2:1 ratio. In the interlayer space, inorganic cations are found to compensate the negative charge of the ions present in the silica-alumina layers. However, the inorganic nature of this cation leads to low compatibility when mixed with hydrophobic substances. Thus, ion-exchange reactions with quaternary ammonium salts with alkyl chains are required in order to render the nanoclay compatible with bitumen. Furthermore, a larger interlayer distance facilitates the insertion of the bitumen molecules in-between the layers during melt blending [3, 12] . Depending on the extent of insertion, different morphologies are distinguished (from poor to high quality): flocculated silicate platelets, intercalated and exfoliated structures [10, 11, 13] .
The optimization of formulation/processing of nanocomposites with tailored properties requires a feedback process which includes their comprehensive rheological characterization [10, 14] . In general, addition of clay to bitumen has yielded nanocomposites characterized by shear thinning behaviour at low shear rates, with noticeably increased viscosities with respect to their parent bitumen [3, 11, 13, 15, 16] .
This has been attributed to hydroxylated edge-to-edge interactions between the dispersed nanoclay platelets [10, 17] , which tend to form an anisotropic continuum, disrupted by the application of large shear deformations [15] . In previous work with an organo-modified montmorillonite (Cloisite 20A®) [15, 16] , we reported a remarkable solid-like plateau which extended over a wide interval of high temperatures (100 ─ 165 ºC) for a nanoclay concentration of 10 wt.%. However, further addition of 2 wt.% polymeric MDI, followed by 24 hours of curing, led to the disruption of the above structure and turned the solid-like plateau into a viscous flow region. Accordingly, the main goal of the work described in this paper is to gain a deeper insight into the effects that an organo-modified montmorillonite (OMMT), by itself and combined with polymeric MDI, exerts on the thermo-rheological behaviour of the resulting bitumen composites under different shear conditions. Temperature-time sweep tests, chromatographic analysis (SARAs fractions) and modulated differential scanning calorimetry (MDSC) on bitumen/OMMT/polymeric MDI ternary formulations shed some light on the interactions involved.
EXPERIMENTAL

Materials
6
Composites were formulated using bitumen 160/220 as base material. Its specifications appear in Table 1 
Processing devices and sequence for bitumen modification
Two different processing devices were used depending upon the nature of the substances to be blended: for clay blending, a low-shear mixer, consisting of a 50 mm four-bladed impeller coupled to the blending device "IKA RW20", which allowed processing at rotation speeds of 800 ─ 1000 rpm; and for polymeric MDI mixing, a high-shear mixer, based on the rotor-stator principle, composed of a dispersing accessory with a 25 mm diameter stator coupled to an "Ultraturrax™ T25 digital", which reached rotation speeds ranging from 16000 to 18000 rpm. Both devices were purchased from IKA (Germany). Metal containers (109 mm diameter and 131 mm height), immersed into a bath with circulating oil, were used for the processing of samples.
The procedure of modification was applied according to the following sequence:
1) C20A pre-dispersion: 10 wt.%. C20A was progressively added to bitumen, previously heated up to 150ºC, and stirred during approximately 10 min., using the lowshear mixing device, to ensure a homogeneous macroscopic dispersion. Afterwards, a part of the so-called "bitumen/C20A pre-dispersion" was used as such, whilst the rest was subjected to the following stage, part 2).
2) High shear blending ("HSB" in figure legends): the previous system was blended at high shear for 20 min. at 150ºC, applying rotation speeds ranging from 18000 to 20000 rpm, in order to obtain a higher degree of dispersion. After this stage, the resulting "bitumen/C20A composite" was divided into three parts, so that one was used as such,
another one subjected to low-shear mixing for 24 h, which resulted in the "24h-bitumen/C20A composite"; and the remaining part submitted to the next stage, part 3).
3) Reaction with MDI: 2 wt.%. polymeric MDI was added to the composite and lowshear mixed at 150ºC while curing for 1 h and 24 h ("1h-bitumen/C20A/MDI" and "24h-bitumen/C20A/MDI" composites, respectively).
In our previous results, the reactive interaction between -NCO in polymeric MDI and -OH in C20A was demonstrated, with a reaction mass ratio of 1.33 g of polymeric MDI
per 10 g of C20A. Thus, for a formulation with 10 wt.% C20A, 2 wt.% polymeric MDI was added in order to ensure its reaction with the bituminous matrix, providing 2/3 -NCO for C20A and 1/3 -NCO excess. In relation to processing times, the properties of the resulting materials were evaluated after two different (short and long) curing periods
(1 h and 24 h, respectively), envisaging a potential application.
Finally, any specific effect of the processing conditions on the resulting properties was also assessed by processing, according to the previous procedure, different blank samples of neat bitumen without modifiers.
Rheological Measurements and Material Characterisation
All the rheological tests were performed in a controlled-stress Physica MCR-301 rheometer (Anton Paar, Austria The compositional characterisation of bitumen was obtained by thin layer chromatography coupled with a flame ionization detector (TLC/FID), using an Iatroscan MK-6 analyser (Iatron Corporation Inc., Japan). Accordingly, the so-called "SARAs"
fractions were eluted following the method outlined elsewhere [19] , based on the sequential use of hexane, toluene and dicloromethane/methanol (95/5, by volume).
Every sample was subjected to testing at least three times in order to ensure the accuracy of the results obtained, which are shown as the average of the data gathered in each set of tests.
RESULTS AND DISCUSSION
Linear viscoelastic behaviour
In order to analyse general aspects of the effect that C20A and MDI addition exerts on the bitumen viscoelastic properties, Fig. 1A and 1B show the evolution of the complex modulus and loss tangent with temperature, at a constant frequency of 10 rad/s, for neat bitumen and, bitumen/C20A and bitumen/C20A/MDI composites, cured for 1 h and 24
h. For the sake of clarity, only one specific blank is presented (Blank 24h-curing),
corresponding to neat bitumen with no additives, subjected to high shear blending and 24 h low shear stirring, because this is the only system that underwent a noticeable change in its thermo-mechanical properties. As depicted in The addition of C20A to bitumen yields a considerable alteration of its viscoelastic behaviour. The complex modulus undergoes an increase of roughly one decade at around 30 ºC (with respect to that of neat bitumen), showing a steady decrease with temperature up to a plateau of G*, reached at approximately 105 ºC. This plateau reveals a higher degree of thermal stability of the system structure, and hints at the hypothesis related to the formation of some kind of reinforcing clay-based network, attributable to the intercalation/exfoliation of clay [15] [16] [17] [22] [23] [24] . The loss tangent remains almost independent of temperature, with values barely greater than unity up to approximately 60ºC, and then begins to steadily decrease as temperature was raised.
After MDI addition and 1 h curing, only minor changes were observed with respect to the bitumen/C20A composite up to 65 ºC. Above that temperature, the system shows lower complex modulus values, and a plateau in G* appears at approximately 130 ºC.
Analogously, the loss tangent exhibits values slightly higher than those of the bitumen/C20A system ( Fig. 1B) , pointing out that stirring during curing leads to a slightly less elastic sample.
After 24 h curing, the bitumen/C20A/MDI composite exhibited a markedly different behaviour. In the low temperature range, the complex modulus increased by two decades with respect to that of neat bitumen, maintaining a monotonic decrease in the entire temperature range examined. At higher temperatures, noticeable lower values than those corresponding to the rest of composites were obtained, seemingly attributable to the effects that the promotion of MDI-related reactive processes exert at longer curing times [7] [8] [9] 25, 26] . bitumen yields a system with a mostly elastic response below the crossover frequency (~10 rad/s) at the lowest temperature (30 ºC), shifting towards higher frequencies as test temperature increases, even disappearing at 90 ºC. In correspondence with the temperature sweep data in Fig. 1 , a rubbery "plateau-like" region seems to arise at low frequencies, indicating that the nanoclay is the main contributor to the linear viscoelastic rheology of the composite at temperatures at which bitumen softens, providing the material with an enhanced elastic response. Thereby, strong filler-filler interactions, as well as a high compatibility between C20A and bitumen play major roles in giving rise to a very highly-reinforced composite structure [22, 27] .
The addition of MDI to the previous composite and curing for 24 h provoked further changes in the linear viscoelastic functions. Hence, whereas at 30 ºC the response is mainly elastic in the entire frequency range studied, with both curves nearly parallel; at higher temperatures, this behaviour turns predominantly viscous, leading to a remarkable drop in both moduli and, unlike the composite without MDI, the solid-like behaviour is no longer observed, just only a flattening of the low-frequency slopes.
As widely reported for composite materials [10, [12] [13] [14] [15] [16] [17] [22] [23] [24] [27] [28] [29] , a better nanoclay dispersion yields an increase in interfacial area, allowing for optimal mechanical stress transfer between the filler and the matrix and, therefore, an enhancement in mechanical behaviour. In this regard, as discussed in previous works [15, 16] , the disappearance of the rubbery plateau region in the 24 h-bitumen/C20A/MDI composite has been attributed to the effects of MDI-related reactions under low shear processing, which, in fact, may promote the agglomeration/re-aggregation of C20A tactoids/platelets through interactions between hydroxyl groups located on the edges of the clay platelets [10, 12, [15] [16] [17] . Moreover, in addition to the reactivity of -NCO groups in MDI with active hydrogen groups in bitumen, isocyanate groups can also react with pendant hydroxyl groups in C20A to form urea/urethane bonds [15] , which may further contribute to the agglomeration of clay tactoids/platelets. As a consequence, large-sized aggregates containing new urea/urethane linkages would tend to form, reducing the degree of dispersion of clay platelets/tactoids, which causes the disruption of the claybased reinforcing network, hence decreasing the bitumen/clay interfacial area, and so doing the strength of the material [12, 15, 16] . superposition principle (TTS) in polymer blends and nanocomposites, but also for the evaluation of the topological structures in polymer-clay nanocomposites, given its sensitivity to structural or compositional changes [30] .
Neat bitumen shows a well-known pattern consisting of a wide Newtonian viscous flow region at G*<100 Pa and a steady decrease of the phase angle at higher complex shear modulus values [20, 31] . Only in the case of neat bitumen, all isothermal frequency data merge into a single common curve indicating that, at least empirically, the Time-
The addition of C20A gives rise to a markedly different behaviour and a clear thermorheological complexity, which is further retained after MDI addition and curing for 1 h, as seen from the absence of superposition in the curves (Figs. 3b and 3c) . The results reveal the greater contribution of the clay-related viscoelastic response to the overall viscoelastic moduli when bitumen softens, given that the ranges of phase angle strongly shift towards low-to-intermediate values, indicating an increase in the elastic component of the system, especially at low frequencies (or high temperatures). Moreover, the flow region is not reached, and at temperatures higher than 60 ºC, local minima clearly appear, for which the plateau modulus GN 0 might be estimated [32] , pointing to the presence of the rubbery plateau zone of the mechanical spectrum.
Increasing curing time up to 24 h led to the evolution of a completely different curve, as well as to the disappearance of the rubbery plateau zone. From 30 to 105 ºC, the phase angle steadily diminishes as the complex modulus increases, reaching values of 10 7 Pa at 30 ºC. At temperatures greater than 105ºC, the curves tend to overlap, defining a maximum at a phase angle value of nearly 85º. This result indicates the material becomes less structured, displaying more liquid-like behaviour, and supports the structural destabilization previously stated.
In general, the observed rheological behaviour hints at the development of a complex, clay-based micro-and nano-structured continuum that reinforces the system structure and derives from the intercalation/exfoliation of clay tactoids in the bituminous matrix [14] [15] [16] 23, 24] .
Linear and non-linear viscoelastic behaviour
Composites were also subjected to stress sweep tests, carried out in the temperature range from 30 to 150 ºC, at 1 rad/s (Fig. 4) . As reported in the literature [33, 34] , this type of oscillatory shear test is not only useful for determining the linear viscoelastic range (LVR), but also for obtaining valuable information about the material's microstructure. In this sense, the linear viscoelastic model states that both moduli lose physical significance when measured at stress values greater than the upper limit of the linear viscoelastic range, since the output signal is no longer sinusoidal. However, the non-linear viscoelastic response is not substantially different from the moduli calculated by means of the linear viscoelastic equations and, therefore, can still be useful in providing relevant information about the microstructure of the system [33, 35] . In this regard, different kinds of non-linear viscoelastic responses have been reported [33, 34] , which may be used to classify complex fluids, depending on the pattern traced by their non-linear viscoelastic functions: strain thinning (G', G'' both decrease); strain hardening (G', G'' both increase); weak strain overshoot (G' decrease, G'' increase followed by decrease); strong strain overshoot (G', G'' both increase followed by decrease); as well as other intermediate behaviours.
Thereby, the resulting patterns for the viscoelastic moduli of the systems in this study, shown in Fig. 4 , reveal a remarkable modification of the rheological response, especially in the non-linear regime, a fact that hints at morphological changes in the composites. In the case of the bitumen/C20A composite (Fig.4a) , the linear viscoelastic range (at the lowest and highest temperature bounds considered) are both characterized by a predominantly elastic response, until a crossover shear stress value is reached.
Beyond the critical stress, which sets the end of the LVR, the non-linear viscoelastic response arises as a steady decrease in both moduli (especially the elastic modulus), pointing out the stress thinning behaviour previously mentioned. This behaviour derives from the partial contributions of the bituminous matrix and C20A to the overall viscoelastic response. The presence of C20A, probably with a mostly-intercalated, hybrid structure [15, 36, 37] , contributes to retain the elastic response over the viscous one, since it restricts the 'flowability' of the surrounding bitumen molecules [10, 15, 16, 27, 38, 39] . Once the critical stress value is reached, the clay-based structural network is no longer stable, causing both moduli to start decreasing. The increase in the test temperature reduces bitumen's partial contribution to the response, provoking a diminution in both dynamic moduli, widening the gap between them, as well as shifting the critical stress to a lower value.
By contrast, the viscoelastic response of the 1h and 24h-bitumen/C20A/MDI composites were more complex, as it depends on both the curing time and the test temperature (Fig. 4b) . In the case of the 1 h-cured set of systems, a similar viscoelastic behaviour to that of the bitumen/C20A composite was observed. However, after being subjected to a longer curing time of 24 h, the viscoelastic response is noticeably modified. At low temperature (30 ºC), the applied experimental stresses are not high enough to provoke a non-linear response, most probably due to the stiffening of the composite as a consequence of the reactions involving -NCO groups. As temperature was increased (≥80 ºC), a completely different behaviour was observed. The viscoelastic response of the system turns predominantly viscous in the whole stress range applied, with a noticeably narrowing of the linear viscoelastic range, and upon exceeding the critical stress value, at 80ºC, an intermediate non-linear response was obtained, with a local minimum in G' and G'' followed by a weak overshoot, to finally decrease again. At higher temperatures (130 and 150 ºC, Fig. 4b ), the viscoelastic response of the composite exhibits a remarkable stress thickening behaviour,
represented by a rise of almost one order of magnitude in both moduli, followed by a decrease.
In this context, different types of structural network models have been proposed to predict and better understand the mechanism of strain hardening behind the non-linear viscoelastic response obtained. All consider the composite system structure to be represented by a network consisting of a combination of segments and junctions, whose distribution is dependent upon their rates of creation and loss. When both creation and loss terms increase, but the speed of creation is slightly greater than that of destruction, a higher electrostatic interaction develops between the molecular chains in the system structure, which is eventually reinforced, showing a strong strain overshoot response in both viscoelastic moduli [33, 34] . Therefore, in the case of the ternary system studied, when the complex molecular structure was subjected to dynamic oscillatory shear, intramolecular groups become available for intermolecular interaction with groups from other molecules in the structure, increasing the number of junctions and the effective volume occupied by the network [40] . The sum of these processes results in the observed increase in both viscoelastic moduli. However, as stress was increased, intermolecular junctions are progressively disrupted, leading to greater values of the loss rate parameter with respect to those of creation. Eventually, the network reaches such a degree of deformation that the intermolecular link distribution is unable to maintain the stability of the structure, giving rise to its collapse and the sudden decrease of both moduli [34, 40] , observed in Fig. 4b. 
Effect of shear processing
With the aim of assessing the effect of shear during processing on the rheological properties of the composite systems, temperature sweep data collected for samples processed in a low shear mixing device for 24 h (as described in section 2.2) were compared to data recorded for samples of the same systems, which were instead subjected to a dynamic oscillatory shear testing protocol within the linear viscoelastic In Fig. 5a , the bitumen/C20A binary system (red pattern) is characterised by a mainly viscous response in the low-to-intermediate temperature range, with both moduli steadily decreasing down to a crossover point reached at 80 ºC, and a rubbery plateau at higher temperatures. Once 150 ºC was reached, the system was kept at that temperature in the LVE for 24 h (ISAOS stage), yielding a rise in both moduli, especially in G´´.
This might be partially attributed to the previously mentioned effect of oxidation on the bituminous matrix. Nevertheless, given that the presence of nanoclay confers some protection against oxidation by hindering both the oxygen diffusion into bitumen and the release of volatile compounds [2, 3] , such a modification would mainly stem from structural changes in the extent of nanoclay dispersion. In fact, after the ISAOS stage, the temperature sweep data for the resulting system (blue pattern in Fig. 5a ) shows a notable improvement in the linear viscoelastic response, with a rise in both moduli of approximately one decade over the entire temperature range, more intense in G´, and with the rubbery plateau appearing after a crossover, at approximately 110ºC.
By contrast, when the bitumen/C20A system is low shear stirred for 24 h, the viscoelastic moduli did not only not improve, but actually slightly deteriorated, as shown in Fig. 5b (black pattern) . The viscoelastic properties of the composite reveal a marked negative influence of the shear processing, since the system becomes predominantly viscous and the rubbery plateau almost vanishes.
Accordingly, these results suggest that the nanoclay intercalation/exfoliation process would be favoured at high temperature in the absence of stirring [28] , probably allowing to achieve a higher degree of interaction between the bitumen matrix and nanoclay, which leads to such reinforcement of the system structure. However, under low shear stirring, the agglomeration/re-aggregation of clay tactoids would be promoted [12, [15] [16] [17] , yielding a higher presence of aggregates, accompanied by a lower degree of dispersion, and therefore, lower interaction between the clay and the bituminous matrix, which eventually decreases the structural reinforcement provided by the former.
In the case of the bitumen/C20A/MDI composites submitted to the same testing protocols, some differences can be found ( Fig. 6a and Fig. 6b ). As depicted in Fig. 6a , the system initially shows a crossover at intermediate temperatures, with Gˈ slightly below G˝ (red pattern in Fig. 6a ). However, after the subsequent ISAOS stage at 150 ºC for 24 h, the temperature sweep data from 150 to 30 ºC (third stage) shows a notable increase in both moduli, with G' prevailing in the entire range of temperature (blue pattern in Fig. 6a ). On the other hand, when the system was subjected to low shear stirring, a remarkable worsening of the linear viscoelastic behaviour was obtained (black pattern in Fig. 6b ), still more pronounced than in the absence of MDI (black pattern in Fig. 5b) . This brings about a notable shift of both moduli to lower values, with a viscous dominance of the LVE response, which is accompanied by the complete disappearance of the rubbery plateau.
Consequently, MDI content seems to further intensify the improvement derived from the intercalation/exfoliation of clay tactoids when no stirring is applied, which arises from the reactivity between isocyanate groups in MDI and active hydrogen groups, both in bitumen and C20A, yielding urea/urethane bonds [9, 15, 16, 26] , and a more complex, reinforced structure. By contrast, and similarly to the previous systems, shear processing continues destabilizing the clay-based network, and its effect is now enhanced, as NCO-involved reactions seemingly promote the agglomeration/reaggregation of clay tactoids/platelets, further reducing their degree of dispersion and the thermo-mechanical stability of the system structure.
It is also worth mentioning that data collected during the ISAOS stage in the dynamic oscillatory shear testing protocol provide some relevant information on the evolution of the LVE properties of both systems with time during 24 h at 150 ºC, as depicted in that NCO-involving reactions proceed to such extent that their virtual completion can be assumed under the processing conditions applied.
Differential scanning calorimetry and chemical composition
The influence that the addition of clay and MDI to bitumen induces on its microstructure was also assessed by means of modulated differential scanning calorimetry (MDSC), a technique that allows investigation of the thermal behaviour of bitumen fractions, differentiating between reversing and non-reversing thermal events, like oxidation, evaporation or decomposition [41] . As depicted in Fig. 8a , four events can normally be distinguished in the non-reversing heat flow curve, as the different bituminous fractions order upon cooling from the melt: the first event, a broad endothermic background appearing from -60 to 90 ºC; the second and third events, two exotherms usually centred at -15 ºC and 40 ºC, respectively; and the fourth event, an endotherm located at around 50 ºC [42] .
Thus, according to the data for the non-reversing heat flow enthalpies shown in Fig. 8b , the addition of clay provokes a marked change in the enthalpy of all the thermal events.
The variation observed suggests that the molecular ordering of saturated segments that gives rise to cold crystallization (exotherms), as well as that related to the isotropization of resins and asphaltenes in an ordered amorphous phase (a mesophase) [41] are somewhat hindered, due to the molecular constraints that the intercalated/exfoliated clay tactoids exert on the mobility of the bitumen molecules [43] .
Further addition of MDI and 1 h curing enhanced to a greater extent the hindering of molecular ordering, especially after 24 h curing, as deduced from the reduction in the enthalpy values for both cold crystallization exotherms [41] (second and third events in Fig. 8b ). Moreover, MDI-related reactions contribute to form more complex molecular arrangements, which would raise the amorphous content, hence reducing the extent of ordering of the bitumen molecules [43, 44] .
As for the fourth event, this is related to the melting of slowly-ordered, high molecular weight compounds (mainly asphaltenes), in order to form mesophasic structures [42] .
After 24 h curing, its value doubles to that of the 1 h-cured system, which may result from the combination of two effects. Firstly, oxidation processes that bitumen undergoes during shear processing at high temperature, which contribute to raise the asphaltene concentration in the system [1, 6, 8, 20, 21] . Second, the reported reactive interaction and linkage of -NCO groups to active hydrogen groups in the most polar fractions of bitumen, which yields compounds with higher molecular weight [25] , hence increasing the asphaltenic content.
In general, these results are consistent with the progressive formation of urea/urethane linkages between MDI, C20A and the most polar bituminous fractions. However, even though larger and more complex molecules are formed, the type of shear applied (small amplitude oscillatory shear or low shear stirring) determines if those new molecules contribute to a better nanoclay dispersion (see Fig. 6a ) or tend to destabilise the system (see Fig. 6b ).
Regarding the reversing component of the heat flow, data for its main contributor, the derivative of heat capacity [25] , were also assessed (Fig. 9b) . The peaks found in this signal arise from the glass transitions of the different amorphous phases present in bitumen (Fig. 9a) . The glass transition temperature (Tg) depends on the stiffness, polarity, aromaticity and molecular weight of the molecules within the system, Tg increasing the greater the influence of these properties. In the case of the systems considered, four different peaks can be observed, exhibiting the characteristic pattern depicted in Fig. 9a . The first peak, located at -35 ºC, is related to a phase rich in flexible paraffinic segments (saturates); the second, at around -5 ºC, arises from the maltenic phase; the third peak is assumed to relate to an interfacial region with the presence of mixed maltenes and asphaltenes, likely highly concentrated in resins. Finally, the fourth peak is associated with the asphaltenic phase [41, 45] .
As portrayed in Fig. 9b , after C20A addition, only Tg3 is shifted towards a lower temperature, decreasing by approximately 7 ºC. This variation in Tg3 hints at some hurdle to the formation of the interfacial region between maltenes and asphaltenes.
From the nano-up to micro-metre scale, the presence of intercalated/exfoliated clay tactoids hampers the interaction between asphaltenes and the surrounding molecules (mainly resins), reducing the presence of the former in the interphase. Hence, this region is enriched with maltenes, moving Tg3 away from Tg4, which is associated with the asphaltenic fraction, leading to what can be regarded as a plasticizing effect [45] .
The addition of MDI to the system, along with 1 h curing does not seem to modify the four glass transitions studied. However, increasing curing time up to 24 h gives rise to additional shifts in Tg1 and Tg2, diminished by around 8 ºC and 2 ºC, respectively, with respect to those of neat bitumen. In this regard, the bitumen/clay/MDI molecular structural arrangements, formed as a result of the NCO-involved reactions, are assumed to possess enhanced relaxation dynamics, likely increasing the molecular dynamics of low molecular weight compounds, and consequently lowering the Tg's results [46] .
Moreover, as reactions proceed, the alignment and probable confinement of the molecular structures between the intercalated/exfoliated clay platelets might have also given rise to a lower degree of molecular density near the clay surface, thus, increasing the local free volume at the clay/bituminous matrix interface, as well as the amorphous fraction [43, 46] . At longer curing times, the greater presence of these structural arrangements would also contribute to the hindrance of the ordering of certain bituminous fractions, as observed in the non-reversing heat flow thermal events (Fig.   8b ).
Besides the studies described above, the so-called "SARAs" fractions (saturates, aromatics, resins and asphaltenes) were also assessed by means of thin layer chromatography (TLC/FID), in order to ascertain what influence C20A and MDI addition had on the chemical composition of bitumen and its microstructure.
As shown in Fig. 10 (values also included in Table 2 ), blanks point out that bitumen undergoes some oxidation during processing, also called "primary ageing", by which aromatics are transformed into resins, and resins into asphaltenes [1, 8] . Thereby, a slight decrease of around 5 wt.% was obtained in resins content, accompanied by a rise in asphaltenes of 4 wt.%. This oxidation tends to result in an increase in the values of the viscoelastic functions for bitumen, as observed in the rheological results, deteriorating its performance at low in-service temperatures [6, 21] .
When C20A was added to bitumen, a further evolution was clearly observed. The concentration of aromatics and resins decreased by nearly 5 and 7 wt.%, respectively, in favour of a rise in the asphaltenic fraction of around 10 wt.%. Apart from the contribution from certain oxidation, the variation obtained might result from the fact that the C20A cannot be eluted by any of the solvents employed in the chromatographic method used to separate the different bituminous fractions. Non-eluted C20A, in turn, may also interact with other compounds, especially high molecular weight molecules like those found in aromatics and resins, provoking their retention, and so lowering their concentration in the chromatographic separation in favour of the asphaltenic content.
As reported in the literature [47, 48] , it would be expected that the subsequent addition of MDI, followed by curing, led to a further similar modification of the system composition, i.e. a decrease in the aromatic fraction, along with a rise in the asphaltene content. However, the modification obtained is beyond that expected from bitumen/MDI chemical interactions, since aromatics and resins markedly decrease, whilst asphaltenes rise by up to 32 wt.%, after 24 h curing. The evolution observed for the different fractions is mainly attributable to the reactive interaction of free -NCO groups in MDI with polar bitumen constituents, and with the hydroxyl groups that MMT clays naturally contain on the edge of the platelets [10, 16] . The resulting modified bitumen compounds, with higher molecular weights, either inserted between the clay platelets or attached onto their surface, would not be eluted during the chromatographic separation, giving rise to the observed marked increase in asphaltene content [9, 26] . This result points to the strong reactive interaction between the different constituents, yielding notable changes in the bituminous matrix microstructure and composition, in agreement with the results obtained from the rheological and thermal characterization.
CONCLUSIONS
The addition of 10 wt.% C20A to bitumen yielded a considerable alteration of the thermo-rheological behaviour with respect to those of neat bitumen, revealing a more thermally stable composite structure, manifest by the "rubbery" plateau-like zone defined by the viscoelastic functions, confirming the C20A was mostly intercalated within the bituminous matrix. The intercalated C20A facilitates the development of a more complex multiphasic structural arrangement that acts as a reinforcing clay-based network, contributing to the retention of structural stability at temperatures at which bitumen normally softens. 
